Oxide-dispersed Fe-28at.%A1-2%Cr alloys were produced by a powder metallurgy technique followed by hot extrusion. A variety of stable oxides were added to the base alloy to assess the effect of these dopants on the oxidation behavior at 1200°C in air and 0 2 . An A1203 dispersion flattened the a-Al2O3 scale, but produced none of the other reactive element effects and had an adverse influence on the long-term oxidation behavior. A Y 2 0 3 dispersion improved the alumina scale adhesion relative to a Zr alloy addition at 1200" and 1300°C.
capable of operation at temperatures of the order of 1200 to 1300°C.
The candidate materials are ceramics and, possibly, oxide dispersionstrengthened (ODS) alloys. An ODS FeCrAl alloy met the strength requirements for such an application, in which the working fluid at 0.9 MPa was heated from 800 to 1100°C over a tube length of 4m [l] .
ODS FeCrAl alloys is determined by their ability to form or reform a protective alumina scale, and can be related to the time required for the aluminum content of the alloy to be depleted to some minimum level . As a result, the service life is a function of the available aluminum content of the alloys and the minimum aluminum level at which breakaway oxidation occurs.
Therefore, there is a minimum cross sectional thickness which can be safely employed at temperatures above 1200°C. The major factors that result in depletion of the reservoir of aluminum in the alloy are the inherent growth rate of the aluminum oxide; and the tendency for the scale to spall, which results in a (temporary) increase in oxide growth rate in the area affected by spallation. Because of their significantly higher aluminum content (228 at% compared to =9 at%), alloys based on Fe3Al afford a potentially larger reservoir of aluminum to sustain oxidation resistance at higher temperatures and, therefore, offer a possible improvement over the currently-available ODS FeCrAl alloys [6] .
The oxidation life of Iron aluminides possess excellent high temperature (800-1300°C) corrosion resistance[7-111 but at these temperatures they do not have sufficient strength for structural applications [9, 12, 13] . Two possible solutions are to use them as coatings [14, 15] and to develop a means of strengthening the alloy at high temperatures [12] .
Standard dopant additions of 0.2cation% were made. FAS powder was milled without any addition to create an A1203 dispersion. The blended powder was canned, degassed, and extruded at 1100°C. For comparison, a FAS powder extrusion without an oxide addition, cast FAS, cast Fe-28%A1-5%Cr-O.l%Zr (FAL), cast P-NiA1 (with and without a 0.04% Zr addition), and a commercial Zr02-dispersed (O.O6%Zr) Fe-20.4%Cr-10.6%Al alloy (Kanthal alloy APM) were also tested.
Chemical compositions are given in Table I .
Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) of the as-extruded alloys consistently showed a = 1 p m grain size and a bimodal particle distribution of 20-50nm particles within grains and 0 . 2 -l p m particles at grain boundaries. The number of larger particles generally increased with oxygen content.
Oxidation coupons (10-15 mm diameter x 1 mm thick) were polished to a 0.3 pm finish with alumina powder and ultrasonically cleaned in acetone and methanol prior to oxidation. Isothermal oxidation experiments were conducted in 1 atm dry, flowing 0 2 with weight gains measured by a Cahn model 1000 microbalance. Cyclic oxidation experiments were conducted at 1200°C and 1300°C in air and in dry, flowing 0 2 . In short-term cyclic testing (2h cycles), specimens were hung in a furnace with dry, flowing 0 2 and weight changes were measured continuously using a Cahn model 1000 microbalance to check for any indication of isothermal spallation. (In these tests, spallation was only observed upon cooling.) During longterm testing (100h cycles), specimens were placed in the furnace in pre-annealed alumina crucibles so that spalled oxide could be collected and weighed. In both types of cyclic tests, the specimen weight changes were measured before and after oxidation using a
Mettler model AE240 balance. After oxidation, specimens were examined using scanning electron microscopy with energy dispersive x-ray analysis (SEM/EDXA). Selected samples were analyzed using TEM equipped with EDXA.
R e s u l t s Oxidation Behavior of Cast Fe3AI
In order to fully characterize the effect of an oxide dispersion on the oxidation behavior of Fe3A1, it is first necessary to illustrate the behavior of the cast material. Above =20at%Al, Fe3Al is a primary alumina-former with no significant transient formation of
Fe-rich oxide [8, 27] . Like most alumina-formers, there is poor adhesion of the undoped alumina scale. However, the scale formed on Fe3Al is more highly convoluted than scales observed on MCrAl alloys and p-NiA1, Figure la . This results in small pieces of spalled oxide which tend to stick to the substrate, but can be brushed off easily. Reactive element alloy additions of Y and Zr have been shown to improve the scale adhesion [10, 11, 19] , but compared to similar additions to P-NiAl, these additions are not nearly as effective. Figure 2 shows a comparison of total weight gains for Fe3Al and pNiAl with and without a Zr addition, during 10 x 100h cycles at 1200°C. While there is an improvement for both alloys with the addition of Zr, the total weight gain on FAL is higher due to scale spallation. Isothermal kinetic data in Figure 3 and Table I1 indicate that the parabolic growth rate for Fe3Al -+ Zr is not significantly different than that for P-NiAl + Zr. However, after just one lOOh cycle, a clear difference in scale adhesion can be observed, Figure 4 .
At higher magnification, it appears that the substrate deforms and at "peaks" in the substrate, the scale spalls upon cooling. Thus these observations indicate that RE alloy additions are less effective in improving scale adhesion in iron aluminides.
Effects of an A1203 Dispersion
Several authors have concluded that any stable oxide dispersion, including A120 3, can improve alumina scale adhesion [28- 301. During powder blending, some oxygen uptake is unavoidable and this creates a fine A1203 dispersion in the consolidated alloy, with a volume fraction proportional to the 0 content. Several A1203-dispersed FAS compositions were created in order to study the effect of an A1203 dispersion, Table I . The most striking effect of the A1203 dispersion was that it initially produced a flatter, more adherent a-A1203 scale at 12OO0C, Figure lb . However, on closer examination, it appeared that flattening the scale was the only effect of the A1203 dispersion. Unlike a typical RE addition, the A1203 dispersion did not change the scale surface morphology or grain structure, Figures 5 and 6 respectively. The fine surface ridges on cast FAS and Al2O3-dispersed FAS are indicative of outward A1 transport ( Figure 5 ) as are the whiskers at the gas interface ( Figure 6a) [18]. Fine grains at the scale surface are only observed when a RE addition is present, Figure 5c . The cross-sectional grain structure (Figure 6a ) is typical of undoped a-Al2O3 [18] , which grows by the transport of both A1 and 0 along grain boundaries [3 1-33] .
In isothermal experiments at 12OO0C, the parabolic rate constant of A120 3-dispersed FAS was similar to that of cast FAS and an undoped FeCrAl alloy, Table 11 .
In short-term cyclic testing (20 x 2h) at 1200°C, the A1203 dispersion was somewhat effective in improving scale adhesion, 
Reactive Element Oxide Dispersions
The other oxide additions were made at a standard 0.2 cation% level in order to determine the relative effectiveness of the various
additions. An initial screening test of 20 x 2h cycles at 1200°C was used in order to assess the performance of the various dopants.
Sample weight change data are shown in Figure 9 . As a baseline, Kanthal APM shows almost no spallation during this test with a weight change almost identical to that measured isothermally [ 181.
As shown in Figure 9 , oxide additions of Ce, La and Sc accelerated the oxidation rate and led to FeO formation in the case of the Ce addition [26] . The scale on the La-and Sc-doped alloys was highly convoluted but adherent, e.g. Figure 10 . In each case, the addition appeared to cause an acceleration in the oxidation rate ( Figure   12 ), these lower-doped alloys did not perform well, exhibiting accelerated and breakaway oxidation.
Oxide additions of Y, Nd, Yb, Hf or Zr produced a flat alumina scale after a 2h exposure, similar to that observed with an A1203 dispersion, Figure 1 . However, the scale on each of these alloys spalled to some degree during the 20 x 2h cycles. The similar behavior of these alloys did not sufficiently differentiate the performance of the various dopants. Longer-term testing ( Figure 12) showed that Y203-dispersed FAS performed better than any of the other additions. In isothermal testing, the alloy with a 0.2%Y addition had the lowest parabolic rate (Table 11) , but the alloys with other dopants did not have significantly higher rates. Rather than a slower scale growth rate, the lower rate of weight gain of Y 2 0 3 -dispersed FAS reflects a lower degree of scale spallation relative to the other alloys. The Hf, Nd, Yb and Zr additions did produce some beneficial effect compared to an A1203 dispersion, for which breakaway oxidation was observed (Figures 3 and 12) .
Because of the apparently superior behavior of the Y 2 0 3 dispersion, an attempt was made to optimize this addition. However, higher and lower levels of Y in FAS ( Table I) NiAl+Zr showed almost no spallation at either temperature.
Increased Spallation on ODS FAS
The increased degree of spallation on ODS FAS appears to be related to the formation of a large fraction of interfacial voids which grow with time and limit contact between the metal and oxide. Table I ). Using more careful processing techniques, several alloys were produced with lower 0 and N contents, Table I . However, these ODS alloys instead showed an increased amount of scale spallation, Figure 17 . In general, the dopant type and level appeared to be a more critical factor than the 0 and N contents in determining performance. 
Stress and substrate effects on scale morphology
There are a number of mechanisms by which stresses can develop in the scale and at its interface with the alloy during oxide has fewer convolutions than that observed on Fe3A1 (Figure l a ) consistent with the observation that FeCrAl may be somewhat stronger.
The Effect of an A 1 2 0 3 dispersion
The RE effect is generally described as an improvement in scale adhesion, a change in the scale growth mechanism (resulting in a reduction in the growth rate), and a modification of the scale If that mechanism was operative, it was not sufficient to improve scale adhesion in this case.
As shown in Figure 8 , the A1203-dispersed FAS exhibited a shorter lifetime than that of the cast FAS (Figure 1 ). This may be a result of particle coarsening. Large A120 3 particles in the substrate may allow rapid transport of 0 into the substrate when these particles come into contact with the scale, as has been observed when alumina particles or fibers are introduced into aluminaforming matrices [45,46].
Effects of RE dopants
Based on this study, it appears that when added in the proper amount, RE oxide dispersions in FAS produce all of the RE effects described above (to some degree). Focusing on Y203-dispersed FAS, scale adhesion was improved (Figures 13 and 14) , a microstructure with fine grains at the gas interface ( Figure 5c ) and columnar grains in cross-section ( Figure 6b ) was observed, and there was a minor reduction in the scale growth rate ( Kanthal APM alloy has an optimized ZrO2 content of 0.06at% Zr, the 0.2% Zr addition used in this study may not have produced the best effect that could be achieved with Zr-doping. Lower (0.05%) dopant levels of Zr and Hf are currently being investigated that may improve performance (Figure 11 ).
Although lower RE oxide additions may produce the optimum doping effect on the a -A l 2 0 3 scale, the RE addition cannot be reduced below the oxide volume fraction required for strengthening. with Hf and Zr alloy additions. They concluded that the inability of these RE additions to prevent scale spallation was related to a larger difference in the coefficient of thermal expansion between a -A l 2 0 3 and iron aluminides than other alumina-formers. The present results suggest that, rather than excessive damage during cooling, scale spallation on RE-alloyed iron aluminides was a result of scale buckling which occurred isothermally. Void formation might have been suppressed by the Zr addition, but scale buckling appeared to lead to cracking and spallation (shown schematically in Figure 18c) during cooling.
In the case of Y203-dispersed FAS, the substrate may be sufficiently strengthened that there is some improvement over a Zr addition to the cast alloy. The deformation mechanism may no longer lead to a spallation-prone scale morphology. However, a second mechanism, the growth of interfacial voids, appeared to limit performance relative to ODS FeCrAl. The excessive formation of interfacial voids may be similar to that observed on P-NiAl [54]. Due to the diffusion characteristics of the ordered Fe3Al matrix (unlike a FeCrAl alloy), these materials may be inherently more susceptible to Kirkendall-type voids at the oxidation front.
currently being investigated.
This idea and others are
The higher spallation rate of ODS FAS means an increased A1 consumption rate. This reduces the potential lifetime benefits of the high A1 content of Fe3Al [6,ll]. Thus, attempts to improve scale adhesion are a critical step in the development of these materials.
Conclusions

.
At 1200" and 13OO0C, incorporation of a reactive element in Fe3A1 as an oxide dispersion is more effective in improving scale adhesion than a comparable elemental addition.
It is
proposed that this is due to strengthening of the substrate.
2.
A 1 2 0 3 dispersions also strengthen the Fe3Al substrate and reduce the amount of scale buckling. However, the scale grain structure is not modified and no long-term benefit to oxidation resistance is achieved.
.
Currently, the best ODS Fe,Al spalls more readily than commercial ODS FeCrAl alloys.
interfacial void nucleation and growth in ODS Fe3AI.
This is attributed to more rapid
4.
Comparison of the oxidation behavior of Fe3Al with various oxide dispersions at 1200°C indicates that no addition was superior to Y203 in conferring a beneficial effect. Figure 1 . SEM secondary electron images of the scale surface after 2h at 1200°C in 0 2 (a) unmilled, extruded Fe-28A1-2Cr powder, (b) milled, extruded powder which contains an A1203 dispersion and (c) milled, extruded powder which contains a Y2O3 dispersion. The addition of an oxide dispersion flattens the a-Al2O3 scale on Fe3Al. In long-term testing, Zr02-dispersed FeCrAl showed excellent scale adhesion but A1203 dispersions did not improve scale adhesion and instead shortened the time to breakaway compared to a cast alloy. The extruded FAS appeared to "slump" and rapidly oxidize. A larger amount of spallation was observed when the 0 content was reduced. Figure 18 . A scale buckling model (a) with compressive, in-plane growth stresses in the oxide scale, a defect such as an interfacial void results in a normal tensile stress; (b) with a strong substrate, the void may continue to grow but no deformation occurs; (c) with a weak substrate, the metal is deformed by the tensile stress and the scale begins to buckle (dashed line marks the original metal interface), the buckle may crack and spa11 during cooling; (d) the buckle can continue to grow, leading to increased growth stresses due to the geometry and the range of diffusion distances for Al. Number of 2h Cycles In long-term testing, Zr02-dispersed FeCrAl showed excellent scale adhesion but A1203 dispersions did not improve scale adhesion and instead shortened the time to breakaway compared to a cast alloy. The extruded FAS appeared to "slump" and rapidly oxidize. 
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